ABSTRACT
INTRODUCTION
structure located in Boston, MA (Laflamme et al. 2011a ; Laflamme et al. 2012b) . The authors have shown that the use of the MFD instead of a passive mitigation system could lead to savings in the order of 20% to 62 30% on the cost of the mitigation system. The study included the cost of the controller and maintenance.
63
Given the promising performance of the device, a first small-scale prototype has been fabricated and tested.
64
The characterization of its dynamic behavior is presented in Ref. (Cao et al. 2015) , where a 4.5 kN capacity 65 has been demonstrated.
66
In this paper, numerical simulations previously conducted on the MFD in Ref. (Laflamme et al. 2012b) 67 are extended to different types of buildings subjected to multiple non-simultaneous hazards, which include 68 wind, blast, and seismic events. These simulations are conducted with the device's dynamics experimentally 69 characterized in Ref. (Cao et al. 2015) instead of the original theoretical model. The objective is to investigate 70 the performance of the device at mitigating vibrations of different natures.
71
The rest of the paper is organized as follows. Section 2 gives the background on the MFD and presents its 72 dynamic model. Section 3 describes the research methodology adopted for the investigation, which includes 73 a description of the model buildings, loads, and control cases. Section 4 presents and discusses simulation 74 results. Section 5 concludes the paper.
75

THE MODIFIED FRICTION DEVICE
76
The MFD is a variable friction device based on automotive dual servo drum brake systems. The drum 77 brake technology was selected due to its high mechanical robustness and reliability, which enables the appli-78 cation of a predictable braking force. It also has a self-energizing mechanism, which substantially amplifies 79 the force applied on the braking shoes. Its friction dynamic is described in Ref. (Laflamme et al. 2012b ).
80
Briefly, the device dissipates energy via friction developed by the contact of braking shoes onto a drum.
81 Figure 1 shows the principle of the MFD. The actuation force W acts on the braking shoes to produce 82 normal forces N i on shoes i = 1, 2, which in turn generate friction forces f i , with the total friction force 83 F = f 1 + f 2 . The moment produced by this friction force is counteracted by the opposite forces F leg in the 84 support legs. The geometric location of the braking shoes (parameters a, b, r) is responsible for creating 85 a static moment, which is the self-energizing mechanism, that amplifies the actuation force by a factor C, 86 where F = CW and C = f c (a, b, r). The derivation of f c can be found in Ref. (Mahmoud 2005) . 
Dynamic Model
88
The dynamics of the MFD has been characterized in a laboratory environment (Cao et al. 2015) . A of the break is reversed, there is a discontinuity in the friction force (stage 2). This is caused by the presence 96 of a gap between the anchor pin and braking shoes, phenomenon termed backlash. Once the gap is closed,
97
the friction force increases linearly (stage 3), until it gets back to its the typical friction dynamics.
98
The three-stage dynamic model is as follows:
99
• Stage 1 (location 1 −→ location 2) -dynamic friction. The friction force F 1 is characterized using a 100
LuGre friction model.
101
The force F 1 is given by
where σ 0 represents the aggregate bristle stiffness, σ 1 microdamping, σ 2 viscous friction, ζ an evolutionary 103 variable, y andẏ the tangential displacement and velocity of the device, respectively, and g(ẏ) a function 104 that describes the Stribeck effect:
whereẏ s is a constant modeling the Stribeck velocity, F s the static frictional force, and F c the kinetic 106 frictional force.
107
• Stage 2 (location 2 −→ location 3) -backlash. The force F 2 is taken as linear and modeled as a 108 stiffness element k 2 . This stage occurs over a drum displacement d 2 .
109
• Stage 3 (location 3 −→ location 1) -rapid increase in friction force. The force F 3 is taken as linear 110 and modeled as a stiffness element k 3 . This stage occurs over a drum displacement d 3 .
111
A smooth transition region between these stages is provided by a C ∞ function of the type (Laflamme lower value for β would still be a concern, the length of the backlash is fixed. Therefore, it would be possible 123 to increase β by amplifying structural displacements (e.g., toggle system, as discussed in the next section).
124
Lastly, the backlash could also be reduced through alternative designs of the MFD. In the numerical simu-125 lations, the MFD performance will be compared against a pure friction device. Such comparison will enable 126 the assessment of the effects of the backlash phenomena. Tables 1 and 2 lists the values of the model parameters used for the simulations presented later. Figure 4 is a plot of the force-displacement and force-velocity loops obtained from these parameters in
129
F c 1 F c = C c W F s 1 F s = C s W σ 0 1 σ 0 = α σ0 W + σ 0 | W =0
130
terms of % actuation pressure (0%, 25%, 50%,75% and 100%). In the simulations, the model is scaled to a 131 maximum friction force F max obtained from the PBD procedures by selecting W such that Consider the equation of motion of an n-story building system:
where z ∈ R n×1 is the displacement vector, F ∈ R r×1 is the control input vector, u ∈ R q×1 is the external 136 excitation input vector, E f ∈ R n×r and E u ∈ R n×q are the control and external excitation input location 137 matrices, respectively, and M, C, K are the mass, stiffness and matrices, respectively.
138
The state-space representation of Eq. (5) is given by
where
is state vector and the various constant coefficient matrices are defined as 140 follows:
The notation x i is used to denote the interstory displacement at floor i where
the first floor where x 1 = z 1 .
143
Controller
144
A sliding mode control (SMC) strategy is used to compute the required control force F req for the MFD.
145
The sliding surface S ∈ R n×1 is taken as
where Z d is the desired state (Z d ≡ 0 for civil structure) and Λ = [ λI I ] ∈ R n×2n is a user-defined weight 147 matrix that includes strictly positive constants λ and identity matrix I ∈ R n×n . Consider the following
148
Lyapunov function based on the surface error:
where V is positive definite. Taking its time derivativeV yields
To ensure stability, Eq. (12) needs to be negative definite. The first term ofV is negative definite, and 151 the excitation u is considered as unmeasurable. Therefore, a strategy is to select required control force F req 152 to make the second term as negative as possible, such that S T ΛB f F req = −ηS T S:
The required force F req,i for device i is not necessarily attainable by the semi-active device. A bang-bang 
157
The actuation force of the break W (see Fig. 1 
where τ is a positive constant, taken as τ = 200 sec −1 based on previous simulations conducted in (Laflamme 160 et al. 2012b).
161
Simulated Structures
162
Two different structures are selected for the simulations. They consist of a short and a tall building, 163 located in Shizuoka City, Japan, and Boston, MA, respectively. They were selected due to their different dy- follows.
168
Short Building
169
The short building is a 5-story structure, described in Kurata et al. (Kurata et al. 1999 ). It is a steel 170 moment-resisting frame with a semi-active damper system located in Shizuoka City, Japan. The structure 171 is modeled as a lumped-mass shear system, and simulated along its weak axis using the dynamic properties 172 listed in Table 3 . Table 4 
where r is the radius of the drum, and y = θr is the tangential displacement of the drum. The derivation of
178
Eq. (15) assumed small inter-storey drift.
179
The following PBD methodology has been adopted for the selection of the devices' parameters (e.g.,
180
maximum damping force and viscous constant). The damping matrix C is assumed to be proportional to 181 the stiffness matrix K:
where α 0 is the proportionality constant. A viscous damping ratio ξ j is prescribed for mode j, α 0 is 183 determined by the following equation (Connor and Laflamme 2014):
where ω i is the frequency of mode j. Assuming dampers of constant coefficients c i installed at each floor, it 185 can be shown that the coefficient c i is given by the following relationship:
For the simulations, the damping ratio for the first mode (j = 1) is assumed to be 2% for the uncontrolled 
where Ω is the frequency response of the structure and F i,max is the MFD maximum capacity at floor i.
191
The maximum damping capacity of each viscous damper is then set equal to F i,max . The MFD is arbitrarily 192 designed for a harmonic excitation acting at the structure's fundamental frequency ω 1 , with Ω = ω 1 . The
193
selection of x i is based on an assumed design story drift of 2% based on allowable story drift in ASCE 7-10 Table 5 , where N i is the number of devices at floor i. The tall building is a 39-story office tower located in downtown Boston, MA. The structure is modeled 198 as a lumped-mass shear system, and simulated along its weak axis using the dynamic parameters reported Table 7 compares the values of the first three periods of the system reported in literature (Mcnamara 202 and Taylor 2003) to the numerical model, and lists their effective modal mass Γ. 
196
203
where ν a is the average wind speed, ν r the wind speed ramp, ν g the wind gust, and ν t the wind turbulence.
219
The wind speed ramp is taken as
where ν ramp (t) = A ramp t−Tsr
Ter−Tsr and A ramp is the amplitude of wind speed ramp, T sr and T er are the starting 221 and end time of the wind speed ramp, respectively. The wind speed gust is characterized by 
where ω k is the frequency (Hz), φ k is a random phase uniformly distributed between 0 and 2π and
is the power spectral density function of wind turbulence (Slootweg et al. 2003 )
where h is the height from the ground (m), l is the turbulence length scale (m) and z 0 is the roughness length
230
(m) that can be determined from Ref. ). In Eq. 24, the wind spectrum is discretized 231 using N ω equally spaced frequency points, ω k = k∆ω, with a frequency step amplitude ∆ω and a cutoff 232 frequency ω c = N ω ∆ω.
233
The wind speed distribution on each building follows a power law
where ϕ is a constant taken as 0.143 (Hsu et al. 1994), ν w,i (t) is the wind speed at story i of height h i , and 235 ν w,top is the reference wind speed at the top story of height h top . The value ν w,top (t) is generated from Eq. (Table C26 .5-3) (ASCE 2013) for the tall building.
240
Four wind speed time series are generated: two having a wind speed gust component ω g from the 241 expression for ν gust (t) acting at the first natural frequency of each structure, and two acting at the second 242 natural frequency of each structure. These first two frequencies are selected due to their large effective modal 243 mass (Table 4 and 7) . The model parameters value are listed in Table 9 . Figure 6 shows the wind speed 244 time series simulated around the first natural frequency of each structure. Each time series is produced at 245 a sampling rate of 10 Hz over a 10-minute duration. Finally, the wind load input u w,i (t) at story i is generated from Morrison's equation (Yang et al. 2004) based on wind speeds obtained from Eq. 25:
246
where ρ is the air density and C p the combined pressure coefficient, taken as 0.8 (ASCE 7-10, Figure 27 .4-1)
249
(ASCE 2013), and A i is vertical area of floor i.
250
Blast Load
251
The simulated blast load is a blast pressure wave, as illustrated in Fig. 7 (Ngo et al. 2007 ). At the 252 beginning of the explosion, the air pressure builds up quickly to the peak pressure value P max and remains 253 positive for a duration t d before dropping negative for a duration t n .
254
FIG. 7: Time history of an air blast wave pressure
The positive phase (t < t d ), is simulated using the general descending pulse model (Li and Meng 2002) 255
and the negative phase (t d < t < t d + t n ) approximated by a bilinear equation (Larcher 2008) 256
These functions were used to produce Table 11 . The blast load is simulated 261 to provide insight on whether a semi-active system may have potential at mitigating a high impulse load.
262
In applications, it would be important to assess the effect of delays between the excitation, sensors, and 263 mechanical feedback. using the building locations. These parameters are listed in Table 13 . The scale factor of the six ground 277 motions are calculated by the PEER ground motion record database (PEER 2010). They are listed in Table   278 14. The scaled ground motion response spectrum for two selected building are plotted in Figure 8 and all 
264
279
Simulation Cases
283
Each hazard listed above is simulated individually on each structure. Simulation cases include the 284 uncontrolled case for the performance benchmark, the passive viscous case using capacities listed in Table   285 5 and 8, friction control cases (VISC and FRIC), where the passive friction case includes the dynamics of 286 the MFD without backlash (as illustrated by the blue line in Fig. 3) , the passive-on case (ON), where the 287 MFD is continuously set to its maximum friction force (i.e., full voltage), and five SMC cases each using a 288 different set of control weight parameters (SMC1 to SMC5), listed in Table 15 . These weights were selected 289 arbitrarily to provide a wide range of possible performance, without pre-tuning. Note that the design of an 290 optimal controller is out-of-the-scope of this paper. Chi-chi, and Big Bear City earthquakes, respectively.
291
295
SIMULATION RESULTS AND DISCUSSIONS
296
Simulation results presented in this section are compared using the following four performance indices:
297
• Maximum drift reduction J 1
where x i is the controlled inter-story state, and x unc,i is the uncontrolled inter-story state.
299
• Maximum absolute acceleration reduction J 2
wherez i is the controlled acceleration state, andz unc,i is the uncontrolled acceleration state.
301
• Base shear reduction J 3
where V base (t) is controlled base shear, and V unc,base is the uncontrolled base shear. 
303
where v b is the voltage bound (v b = 12 v), and N is the number of devices for the entire building.
305
The performance indices J 1 to J 4 are shown in Figs. 9 and 10 for the short and the tall building, 306 respectively. Table 16 lists the best control strategies in term of mitigation performance under each hazard, mitigating displacement and acceleration for the short building. However, such performance is not significant 316 compared with other strategies, which can be attributed to the overall rigidity of the building. A look at the 317 blast mitigation for the tall structure shows that the passive viscous strategy significantly underperforms all 318 other cases. Nevertheless, all of these other control cases do not show significant difference in performance.
319
The passive viscous strategies provides very low mitigation performance overall for the tall structure. of the backlash mechanism (Fig. 3) . Results shows that the passive friction strategy has similar mitigation 325 performance compare with the passive-on case, except for wind mitigation for the tall structure. This is due 326 to the higher drifts found in the tall building subjected to wind, which results in a more negligible effect 327 of the backlash mechanism. It can also be observed that the passive friction mechanism worsens structural 328 response under wind2, EQ1 and EQ2 for the tall structure due to the shift in the response function provoked 329 by the added stiffness. In these situations, control is necessary to ensure a reduction in responses. This is 330 also the case for some passive-on strategies in particular, for the J 2 index for the tall building.
331
Results also show that semi-active control (SMC1-SMC5) performs as well or better than all other 332 strategies under performance indices J 1 to J 3 , except for J 1 under hazards EQ3 and EQ6 for the short 333 building, and J 3 under hazards EQ3 and EQ4 for the tall building, see Table 16 . These results demonstrate 334 that the MFD could be used at effectively mitigating different hazards. However, a closer look at the semi-335 active control cases (SMC1-SMC5) shows that no single controller dominates performance over all hazards.
336
Some control weights are more appropriate for given excitations. This is also expected given that each set 337 of excitations have different dynamic properties (e.g., magnitude, frequency content). Results from this performance index can be used to further study the mitigation efficiency of each control 343 strategy. Figures 11 and 12 show the mitigation performance for indices J 1 and J 2 divided by the average 344 voltage utilization for the short and the tall building, respectively, providing a unitless measure of efficiency.
345
For the short building, the control weights resulting in the smallest voltage usage (SMC1 in Fig. 9(d) ) 346 resulted in a better efficiency with respect to other control cases for all hazards, except wind2 under J 2 .
347
This is also the case for the tall structure, but with SMC4. These results demonstrate a diminished gain in 
SUMMARY AND CONCLUSIONS
362
In this paper, numerical simulations were conducted to investigate the performance of a novel semi-active 
375
Results show that, in the vast majority of hazards, one semi-active control case provided the best mit- 
